Air-coupled ultrasonic non-destructive testing (NDT) of elastic solids is a challenge due to the large impedance contrast between air and most materials used in industrial and structural applications. However, because air-coupled sensing offers many advantages such as rapid scanning of large areas and the elimination of part immersion for inspection, there remains strong incentive to find unique methods for air-coupled excitation of wave motion in elastic solids. This work presents experimental results of an in-air acoustic source that has been shown to excite wave motion in high impedance elastic solids. The source consists of a spark generator and an ellipsoidal reflector. The spark generator radiates a shortduration, high-amplitude acoustic signal as the result of an electrostatic discharge between two electrodes with high potential difference. Analogous to lithotripter, the spark is located at the near focus and generates an outgoing wave that is then focused at the far focus of the reflector which is co-located at the air-solid interface. Measurements of the air-borne acoustic wave in the free-field, the focused acoustic wave, and Rayleigh and zero-group-velocity (ZGV) Lamb waves generated in a concrete slab will be presented and analyzed.
INTRODUCTION
Air-coupled ultrasonic non-destructive testing (NDT) of elastic solids is a challenge due to the large impedance contrast between air and most materials used in industrial and structural applications. However, because air-coupled sensing offers many advantages such as rapid scanning of large areas and the elimination of part immersion for inspection, there remains strong incentive to find unique methods for air-coupled excitation of wave motion in different elastic solids (Castaings and Cawley, 1996; Schindel et al., 1997; Zhu and Popovics, 2007) .
In the present paper, we present experimental results of an in-air acoustic source that has been shown to excite wave motion in high impedance elastic solids. The source consists of a spark generator and an ellipsoidal reflector. The spark generator radiates a short-duration, high-amplitude acoustic signal as the result of an electrostatic discharge between two electrodes with high potential difference (Martinson and Delsing, 2010; Wyber, 1975) . Analogous to lithotripter devices (Coleman and Saunders, 1989; Hamilton, 1993) , the spark is located at the near focus and generates an outgoing wave that is then focused at the far focus of the reflector which is co-located at the air-solid interface. This work presents and analyzes measurements of the air-borne acoustic wave in the free-field, the focused acoustic wave, and Rayleigh and zero-group-velocity (ZGV) Lamb waves generated in a concrete slab.
DESCRIPTION OF EXPERIMENT
Our experimental apparatus is shown schematically in FIGURE 1. The GTS 51 spark source fabricated by Grozier Technical System Inc. provides the high voltage for spark discharge which acts as the acoustic source. Two electrodes are mounted through the sidewall of the reflector and generate high potential while the system is ready to discharge. The third electrode is mounted through the top of the reflector and acts as a discharge trigger by introducing a small spark to initiate electrostatic discharge in the air gap between the two primary electrodes. The three electrode tips are co-located with the near focus of the reflector and the far focus of the ellipsoidal reflector is aligned with the surface of the material to be tested using a custom built aluminum frame. The ellipsoidal reflector is machined from an aluminum block. The reflector has major axis 2a=28cm, minor axis 2b=14cm, and eccentricity İ=0.866. Two PCB 426B03 condenser microphones attached to a PCB 480B21 signal conditioner are used to detect the air-borne leaky Rayleigh and ZGV Lamb waves. The two microphones have 20cm spacing along a straight line passing through the excitation point. The PCB microphone has a flat sensitivity response of 4mV/Pa over a broad frequency range (±2dB over 4-80kHz). The output signal is digitized and captured by a NI USB-5133 digital oscilloscope, and analyzed in the time and frequency domains with a LabView program. To further reduce the acoustic noise generated when the spark is discharged, the gap between the reflector and the concrete slab is filled with putty, and each microphone is insulated by a metal cylinder covered with foam on both inside and outside surfaces to reduce reverberation noise.
FIGURE 1
Experimental setup for the spark source excitation test on a concrete slab.
To calibrate the spark output amplitude and study the reflector amplification effect, the pressure at the reflector's far focus is directly measured by a Bruel & Kjaer Type 8103 hydrophone. Compared with the PCB microphone used in the slab test, the hydrophone has a lower sensitivity, 26.3 ȝV/Pa or 43.7 dB down from the PCB microphone, with similar measurement frequency range (10-80 kHz at ±1.5db). The low sensitivity of the hydrophone makes direct measurement of the focused spark signal possible at the far focus point (242 mm away from the spark). The same measurement was repeated without using the reflector while the spark-to-hydrophone distance was still 242 mm. Both the reflector and the hydrophone are mounted on a rigid arm to keep the distance between the spark and the hydrophone consistent.
In contrast to the traditional contact sources used in nondestructive testing methods, the spark source has the advantage of repeatability. The spark system can therefore reliably generate repeatable waveform and enables signal averaging from multiple tests to reduce random ambient noise effects. All the experimental results shown in this paper are the result of 10 averaged samples. A piezoelectric sensor attached to the aluminum reflector is used to collect the spark crosstalk signal as the triggering of the signal acquisition system.
EXPERIMENTAL RESULTS
FIGURE 2 shows two signals measured with the hydrophone for spark source excitations with and without the ellipsoidal reflector. The spark source generates an inverted acoustic N-wave, as shown in FIGURE 2(a). The impulse begins with a shock front, followed by an almost linear decline in the pressure with the time. The rear shock front is not as sharp as the front one due to the non-linear dispersion and attenuation of acoustic waves at high pressure levels. The focused signal in FIGURE 2(b) shows a considerably larger pressure peak, and the amplitude is more than 20 times, or 26 dB gain, of the unfocused signal amplitude. Meanwhile, the unfocused direct spark can be observed in the focused signal before the arrival of the focused spark in time domain, because the direct path is short enough when compared to the reflected path that independent signals are detectable. Further, the direct path signal arrives at the same time in both the focused and unfocused cases since the distance between the spark and the measurement hydrophone is unchanged.
FIGURE 2
Time domain signal at the far focus distance from spark-source (a)without the reflector, and (b) with ellipsoidal reflector.
FIGURE 3 indicates the Rayleigh wave measurement from two the microphones with 20cm spacing in positions indicated in Figure 1 . The signal in microphone FIGURE 3(b) has a 0.095ms delay compared to the signal in (a), which can be used to calculate the Rayleigh wave velocity in the concrete specimen. The calculated the Rayleigh wave velocity of 2105m/s, which is a little slower, about 5%, than the result measured by phase spectral method using the spark source with two accelerometers: 2247m/s. This error may be caused by the microphone height difference from the testing slab surface, which can be cancelled by take the same testing with the source on the opposite side of the microphones. Two signals can be identified on both signals shown in FIGURE 3. A small, hardly discernible, peak is Rayleigh wave excited by the direct spark, while the main large peak is excited by the focused spark. The difference between propagation paths of the direct spark and the focused spark is ǻd = 2a(1 -İ), in which a and İ are the half major axis and the eccentricity, respectively, for the reflector used in the test. This path difference induces a 0.11ms delay in arrivals, which agrees with time delay observed between the two peaks in either signal in FIGURE 3. As expected, the Rayleigh wave generated by the focused spark is also significantly stronger than the Rayleigh wave generated by the direct spark, though both could theoretically be used to calculate the Rayleigh wave velocity and have been observed to produce similar estimates. The same test setup can be used to measure the ZGV Lamb wave frequency, which is also called Impact-Echo frequency in civil engineering. A point excitation on plate will generate many Lamb wave modes, and some modes have zero-group-velocity at specific frequencies. The lowest ZGV mode is the S1 mode at the frequency of βV P /h, where V P is the P wave velocity of material, h is the thickness of the slab, and β is a parameter related to the Poisson's ratio. Because the ZGV mode is non-propagating, the wave energy is trapped near the excitation point, and continuously radiates acoustic waves into air until the mode dissipates. In frequency domain, such signal will have a large single peak at the ZGV frequency. FIGURE 4 shows the amplitude spectra of signals measured by an accelerometer and a microphone, when the spark source with reflector was used. Both signals have the largest peak near 9.8 kHz, which meets the testing result measured using the contact sources and sensors. The signal from the microphone has more noise in lower frequency range due to the ambient noise, and it can be improved by applying a high pass filter in front of the data acquisition system.
